Statistical parameters of water waves generated by wind in a small scale facility are studied using extensively a Laser Slope Gauge (LSG), in addition to conventional measuring instruments such as a wave gauge and Pitot tube. The LSG enables direct measurements of two components of the instantaneous surface slope. Long sampling duration in a relatively small experimental facility allowed accumulating records of the measured parameters containing a large number of waves. Data were accumulated for a range of wind velocities at multiple fetches. Frequency spectra of the surface elevation and of the instantaneous local slope variation measured under identical conditions are compared. Higher moments of the surface slope are presented. Information on the waves' asymmetry is retrieved from the computed skewness of the surface slope components. Published by AIP Publishing.
I. INTRODUCTION
Waves excited at the ocean surface by wind vary strongly in time and in space and thus require statistical parameters for their quantitative characterization. Parameters such as characteristic wave heights, dominant frequencies, and spectra were measured in numerous field experiments. However, such measurements necessarily are affected by variability of the environmental conditions, such as the magnitude and the direction of wind velocity, water currents, temperature and pressure distributions, among others. Field measurements of the statistical parameters of waves are thus characterized by considerable scatter. To decouple the intrinsic statistics of wind waves from the effects of environmental variability, experiments in controlled laboratory conditions are necessary.
Numerous experimental studies were performed on random waves generated by a wavemaker. The majority of these studies were carried out in facilities that allow investigation of unidirectional waves propagating along the tank. [1] [2] [3] [4] [5] [6] [7] In these experiments, the wave evolution is governed mainly by dispersion and nonlinear interactions, although dissipation may also play some role. Experiments were also carried out in large basins where the effect of directional spreading was considered. 8 Those studies demonstrated that statistical parameters of the wave field are strongly affected by nonlinearity and spectral width. When nonlinearity is weak and wave spectrum sufficiently narrow, the wave field exhibits essentially Gaussian statistics, and the wave heights follow the Rayleigh distribution, as showed by Longuet-Higgins. 9 However, it is well known that the ocean wave statistics is in fact non-Gaussian, see, e.g., Forristall. 10 The laboratory studies cited above also demonstrated that nonlinearity may result in significant deviations from the Gaussian statistics and result in the spatial a) Author to whom correspondence should be addressed. Electronic mail:
shemer@eng.tau.ac.il variations of the wave spectra as well as of other statistical parameters.
Waves excited by wind over water surface in laboratory facility are apparently different from those generated by a wavemaker. They are essentially non-unidirectional even in relatively narrow experimental facility and evolve rapidly along the tank. [11] [12] [13] [14] Contrary to mechanically generated waves, the wind input dominates the wave evolution process; dissipation may be more pronounced due to the wind-induced shear and breaking. More recently, Caulliez and Guérin 15 studied in detail higher statistical wave parameters in a large wind-wave tank. Liberzon and Shemer 16 and Zavadsky et al. 17, 18 performed extensive measurements of waves excited by steady-blowing wind at various velocities and numerous locations along the test section. In particular, they addressed the question of relevance of experiments carried out in relatively small and narrow laboratory installations, to waves in the ocean. Their results demonstrate that when proper scaling is applied, notable similarity is obtained between the statistical parameters measured in laboratory and in field conditions.
Wave gauges in various configurations are routinely used both in laboratory experiments and in field studies providing the information on the instantaneous surface elevation. In the present study, data supplied by a Laser Slope Gauge (LSG) and by a conventional wave gauge are recorded simultaneously. LSG is a non-intrusive instrument with a very fast response; it provides information on two components of the instantaneous surface slope. Its sensitivity to the surface slope rather than to the surface elevation makes it advantageous for investigation of short waves. This tool was used in numerous laboratory studies of short capillary ripples. [19] [20] [21] The LSG, however, so far was only occasionally applied to investigate longer wind waves. 15 The present study is an extension of our previous works 17, 18 in particular in two major aspects. First, independent measurements by both LSG and the wave gauge allow to obtain statistical information representing the threedimensional structure of the wind-wave field. Instantaneous measurements of two components of the surface slope allow determining the statistics of the angular distribution of the slopes. Second, advantage is taken of prolonged samplings at each fetch and wind velocity. These long sampling durations, combined with the relatively short wave lengths and periods in the present experiments, make it possible to collect records containing numbers of individual waves that is practically impossible to accumulate under steady forcing conditions not only in nature but in larger facilities as well. The large number of individual waves is of particular importance in estimating the shape of the distribution tails.
II. EXPERIMENTAL FACILITY, CALIBRATION, AND DATA ACQUISITION
The experiment was carried out in a small-scale windwave flume at Tel-Aviv University. The system consists of a closed-loop wind tunnel over a 5 m long test section with a cross section of 0.4 m × 0.5 m. Side walls and the bottom of the test section are made of clear glass to enable the flow visualization of the wave field and application of optical measuring techniques from all directions. The test section is covered by transparent removable Perspex plates with a partially sealed slot along the centerline to facilitate positioning of the sensors. Water depth in the test section was kept at about 0.2 m, satisfying deep-water conditions for wind-wave lengths pertinent to this study. A computer-controlled blower enables maximum wind speed in the test section that may exceed 15 m/s. Capacitance-type wave gauge made of 0.3 mm tantalum wires is used for measuring instantaneous surface elevation η; local mean air velocity is measured by a Pitot tube. The sensors are mounted on a carriage that can be positioned at a desired fetch along the test section. The vertical position of the wave gauge is determined by a computer-controlled vertical stage to enable its static calibration. The Pitot tube is mounted on a separate vertical stage and may be positioned at any prescribed height above the water surface. The operation of the facility is performed using a LabView program. More details about the flume, the wave gauge calibration and measuring procedures are given in Liberzon and Shemer. 16 The LSG is installed on a separate frame, which can be easily positioned at any desired location along the tank. The instrument consists of four main parts: a laser diode, Fresnel lens, diffusive screen, and a position-sensing detector (PSD) assembly. The laser diode generates a 650 nm (red), 200 mW focusable laser beam with diameter of about 0.5 mm. It was estimated that the smallest wavelength the instrument can resolve is approximately 2 mm. The 10.4 in. diameter Fresnel lens that has the focal length of 9 in. directs the incoming laser beam to the 25 × 25 cm 2 diffusive screen located in the back focal plane of the lens. The transmission coefficient of the lens is about 92%. The Fresnel lens and the diffusive screen are leveled horizontally and coaxially aligned with respect to their optical axes. The horizontal coordinates of the center of the laser beam spot on the screen that depend solely on the instantaneous water surface curvature are recorded using a position sensor detector PDP90A.
The objective lens of the PSD with the focal length of 25 mm forms the image of the laser spot on the diffusive screen at the sensor plane. The outputs of the two-dimensional, tetra-lateral PSD are related to the coordinates of this spot and translated into the values of the two components of the instantaneous surface slope, ∂η/∂x and ∂η/∂y, which are independent of the instantaneous surface elevation. 22 The LSG system was calibrated using a number of optical prisms redirecting a laser beam radially by a known angle, ranging from 2.5 • to 17.5 • ; at each angle, the calibration was performed for a number of azimuthal positions of the beam. At each azimuthal angle, the response of the PSD sensor was linear over the whole range of radial positions of the beam. More details on the LSG system and on the calibration procedure are given in Sanker. 23 In order to measure the surface elevation η as well as both surface slope components, in each experimental run, the wave gauge and the LSG were mounted at the same fetch x a few cm apart in the crosswind direction.
Measurements were performed at 3 fetches measured from the inlet to the test section: x = 120 cm, x = 220 cm, and x = 340 cm. Wind velocity U was determined in the present experiments using a Pitot tube placed in the central part of the air flow cross section where the flow is close to uniform. At each fetch, measurements were performed for 5 values of wind velocity ranging from 6.5 m/s to 10.5 m/s. Friction velocities u * at the air-water interface were measured in the present facility using two independent methods by Zavadsky and Shemer. 24 For a given wind velocity U, the values of u * were found to be nearly independent of fetch; the values of u * constitute about 6% of U. At each fetch and wind velocity, records of the instantaneous surface elevation η and of the slope components ∂η/∂x and ∂η/∂y were acquired at the sampling rate of 300 Hz; the total sampling duration exceeded 3 h.
III. RESULTS

A. Spectral representation of the wind wave field
Frequency spectra of the surface elevation variation with time, η(t), are compared in Fig. 1 with the corresponding spectra of the two components of the slope η x (t) and η y (t). The power spectra are plotted in this figure for 5 values of wind velocity U and for three fetches, x.
As expected, at each fetch the total wave energy in the spectra presented in the upper row of Fig. 1 grows with increasing wind velocity U. The growth of wave energy along the test section for a fixed wind forcing can also be observed. Each spectrum is characterized by a peak at the frequency f p ; secondary peaks representing the bound waves can be identified. The peak frequencies decrease with the wind velocity at every fetch, and with the fetch at every wind velocity. The variation of the surface elevation spectral peak frequency and of the total wave energy obtained in the present study is in agreement with the work by Zavadsky et al. 17 where detailed comparison with previous studies 11, 12 has been carried out. Spectral intensities at every fetch at frequencies exceeding about 10 Hz have similar slopes for various conditions.
The peak frequencies of the downwind surface slope spectra shown in the middle row of Fig. 1 exceed somewhat those of the surface elevation spectra, since the power of the downwind surface slope, η x (t) is proportional to (ak x ) 2 , k x being the longitudinal component of the wave vector, rather than to the amplitude squared, a 2 . The peak frequencies of the crosswind surface slope η y (t) do not differ significantly from the peak frequencies of η x (t). The peak values of the cross-wind slope component plotted in the bottom row in Fig. 1 are lower than those of η x (t). Contrary to the surface elevation spectra, the spectral intensities of the slope components in the peak region seem to be only weakly dependent on U, in particular for longer fetches. At the same fetch and wind velocity, the power of downwind slope component around f p exceeds that of the corresponding crosswind component; however, at frequencies exceeding 10 Hz they become comparable. It thus appears that short wind waves in the capillary range do not have preferred propagation direction. It should be stressed that the first visible ripples at the water surface have lengths of about 2-3 cm. 15, 16 Spectral tails corresponding to much shorter capillary ripples gain energy from longer waves due to nonlinear energy transfer.
It is customary to present the high frequency part of the power spectra of the surface elevation as a power law; a similar law can be used for the downwind surface slope. The power spectra of η, η x , and η y at the high frequency range can thus be approximated as
respectively, where the coefficients C 1 , C 2 , and C 3 are the arbitrary constants. The high frequency part of the spectra of η, η x , and η y at frequencies f > f p is plotted in Fig. 2 at a single representative fetch x = 220 cm. This part of the spectra is largely free of significant peaks at harmonics corresponding to higher order bound waves that can affect the slope. The slope exponents computed from the fit of all spectral tails according to Eq. (1) for all fetches and wind velocities are summarized in Fig. 3 . At lower wind velocities, the amplitudes of waves at this fetch are quite small, so that the results exhibit considerable scatter.
For all cases considered, the exponents of the spectral tail of η are close to n η = 3, in agreement with Zavadsky et al. 17 for this frequency range. At the highest wind velocity in the present experiments, U = 10.5 m/s, the average value of the exponent n η = 2.80 is very close to the theoretical prediction n η = 17/6 = 2.83 for purely capillary waves. 25, 26 Note that this value of the spectral slope was obtained theoretically under the assumption that nonlinear effects dominate the energy transfer to high frequency tail of the spectrum. The spectral tail slope exponents for both the downwind η x and crosswind η y surface slope components do not differ significantly and with increasing wind velocity seem to converge to a value close to unity.
At each frequency f, the ratio of the spectral component powers of the surface slope η x and of the surface elevation η is k 2 (f ). The linear dispersion relation between the radian frequency ω = 2πf and the wave number reads ω 2 = kg + σk 3 /ρ, where σ is the water surface tension and ρ density. At high frequencies in Figure 2 , k ∼ ω 2/3 , since gravity becomes negligible, thus one can expect n η x − n η = 4/3. The difference between exponents in Fig. 3 apparently exceeds this value. This discrepancy can be understood in view of the fact that the frequencies of short wind waves are in fact affected by Doppler shift due to Stokes drift current induced by the shear stress.
B. Wave steepness and skewness
The induced current also causes deviation from the linear dispersion relation. For frequency range 2 Hz < f < 8 Hz, the   FIG. 3 . Spectral tail exponents as a function of wind speed. Symbols denote parameter: square-n η , circle-n ηx , cross-n ηy ; color denotes fetch: blue-x = 120 cm; red-x = 220 cm; black-x = 340 cm.
following empirical dispersion relation was offered based on independent measurements of frequency and wave length 16, 18 
Here k gc is the wavenumber corresponding to the measured frequency according to the dispersion relation for gravitycapillary waves. The dimensional empirical coefficients in Eq. (2) , is measured directly, the wavenumber k p = 2π/λ p corresponding to the measured peak frequency f p, is affected by the induced current. Alternatively, wave steepness can be calculated based on the direct measurements of the characteristic downwind surface slope obtained by the LSG, present study at all operational conditions are summarized in Table I . We now examine the relation between λ 3 and the wave steepness. Phillips 27 showed that within the framework of potential wave theory, the skewness of the surface elevation is of the order of the characteristic wave steepness and supported this conclusion by results obtained in field experiments by Kinsman. 28 On the basis of experimental observations, Huang and Long 14 suggested the following simple relation, λ 3 = 8πs, between the skewness coefficient λ 3 and the significant wave slope defined as s = η 2 1/2 /λ p , where λ p is the wave length corresponding to the spectral peak. In narrow spectrum approximation, this relation was modified by Srokosz and Longuet-Higgins 29 to λ 3 = 6πs. They demonstrated, however, that for wider spectral width, no simple relation between the slope and skewness coefficient exists, and the ratio λ 3 /s can vary in a wide range.
In Fig. 5 , the ratio of the skewness coefficient λ 3 to the wave steepness calculated for all fetches and wind velocities employed in the present experiments is plotted using both definitions of the characteristic steepness, C ε = λ 3 /ε and
. The ratio of skewness to steepness (C ε , C η x ) is indeed of the order of unity, as proposed by Phillips, 27 and thus significantly below the empirical values by Huang and Long 14 and Srokosz and Longuet-Higgins. 29 Both C ε , C η x , however, vary notably in the range of 0.5 -2.12, with the lower values obtained at low wind velocities at the shortest fetch.
C. Vertical asymmetry of wind-waves
It is well known that wind waves may exhibit significant asymmetry about the vertical axis. 30 The asymmetry of individual waves can be described in terms of distance between successive wave crest, trough, and the next crest (in spatial formulation) or between the corresponding instants of their occurrence (in temporal formulation), see, e.g., Babanin et al. 31 This approach is applicable mainly for the characterization of individual two-dimensional waves approaching breaking, it is ill suited, however, to describe the statistically representative vertical asymmetry of a random three-dimensional wind-wave field. The asymmetry of wind waves as observed by Cox and Munk 30 was attributed by Longuet-Higgins 32 mainly to emerging phase shift between the free wave at the peak frequency and its second bound harmonic, although some additional possible mechanisms can also lead to asymmetry between upwind and downwind parts of the wave.
Elgar 33 demonstrated that both horizontal (skewness) and vertical asymmetries, A, are related to the real and imaginary parts, respectively, of the frequency bi-spectrum of the surface elevation variation in time, η(t). Elgar and Guza 34 showed that the imaginary part of the bi-spectrum can be presented by the Hilbert transform H(η(t)) and that the asymmetry A can be seen as the normalized skewness of H(η(t)),
where the overbar denotes time averaging. The asymmetry of the surface elevation calculated using Eq. (3) is plotted in Fig. 6 for all fetches and wind velocities employed in the present study. The positive values of A(η) correspond to forward face of the wave being steeper, on average, than the rear slope. For a given wind velocity, the asymmetry decreases with fetch. The friction velocity u * in our facility remains nearly constant along the test section. 24 The inverse wave age u * /c p , where c p is the phase velocity of waves at the peak frequency, thus decreases with the fetch as the waves grow longer. The range of inverse wave ages in the present study corresponds to 0.8 < u * /c p < 1.4. 13 For this range of the inverse wave ages, the asymmetry A(η) obtained by Leykin et al. 35 was about 0.25 < A(η) < 0.4, in agreement with Fig. 6 . The experiments of Leykin et al. 35 were carried out in a larger wind-wave tank for waves under a wider range of experimental conditions covering deep and intermediate-depth wind-waves; they demonstrate that under those conditions, the vertical asymmetry increases with increasing inverse wave-age. LSG measurements of the surface slope components provide additional statistical information on wind-wave geometry. The average shape of the wave profile can be qualitatively assessed by analyzing the probability distributions of the surface slope components and the probability density functions (PDFs) of azimuthal angles of the instantaneous surface inclination. Note that for each fetch and wind velocity, ensemble of 2.4 × 10 6 instantaneous values of both components of the instantaneous slope and of the surface elevation was accumulated to enable reliable statistical analysis.
The probability distributions of the surface slope components in upwind/downwind as well as in crosswind direction are presented in Fig. 7 for the minimum and maximum fetches and wind velocities employed in this study. The probability distributions of slopes in crosswind direction are practically symmetric at all experimental conditions. At high wind velocity and long fetch, the PDF of η x becomes more symmetric, although it is wider than that of η y . At the short fetch and low   FIG. 7 . Probability density functions of downwind and crosswind surface slope components.
wind velocity, the distribution of η x is skewed, indicating that the wave shape is asymmetric in the along-wind direction.
Additional insight into the three-dimensional structure of wind waves can be gained by examining the directions of the instantaneous surface slope represented by the projection of the vector normal to the surface, on the horizontal plane. For a wave propagating in the wind direction, the azimuthal angle of the instantaneous slope, θ = tan 1 (η y /η x ) = 0. The probability density functions of azimuthal angles are presented in Fig. 8 for all wind velocities and two fetches, x = 120 cm and x = 340 cm. All probability distribution functions in Fig. 8 are nearly symmetric around the channel axis. The directional spreading is essential at all conditions; the probability of the azimuthal angle in crosswind direction (θ = ±π/2) is non-negligible. All curves in Fig. 8 are characterized by two distinctive peaks at θ = 0 and θ = π, which indicate that the prevailing direction of the waves is aligned with that of wind. The probability of the forward-leaning slope (θ = 0) is notably lower than that of the rear inclination, in agreement with the result presented in Fig. 7 . At both fetches with increasing wind velocity, resulting in longer waves at the peak frequency, the PDF becomes flatter and the probability of the instantaneous slope in the crosswind direction increases. The increase in the wind velocity also causes reduction in the difference between the two the peak heights.
The skewness coefficient of both LSG-measured surface slope components, λ 3x = η 3 x /η 2 component of the surface slope, η x , represent an independent of A(η) parameter characterizing the vertical wave asymmetry; the values of A(η x ) = − λ 3x can therefore be directly compared with the characteristic asymmetry computed using Eq. (3). The variation of A(η x ) with wind velocity and fetch is presented in Fig. 9 together with the skewness coefficients λ 3y . The absolute values of λ 3y are small (|λ 3y | < 0.1), thus indicating that waves are on the average vertically symmetric in crosswind direction.
The front-rear wave asymmetry characterized by the skewness of the surface slope, A(η x ), decreases as the waves grow larger with the fetch, in agreement with the behavior of A(η) in Fig. 6 . The vertical wave asymmetry determined from the skewness of the surface slope decreases with the wind velocity U. Similar conclusion was drawn by Caulliez and Guérin 15 analyzing the deviation of the probability distribution of the surface slope. The asymmetry magnitudes A(η) are of the same order as A(η x ), however, they are somewhat different. The dependence of A(η x ) on wind velocity is more pronounced than that of A(η).
The kurtosis coefficients of both surface slope compo-
and λ 4y = η 4 y /η 2 y 2 are plotted in Fig. 10 . For normally distributed parameters, the values of the kurtosis coefficient λ 4 = 3. As can be seen in Fig. 10 , the values of the kurtosis coefficient of the downwind slope, λ 4x , in most of the cases are below this value, whereas for λ 4y the values exceeding 3 are usually obtained. This indicates that the probability density function of η x obtained in the present experiments is narrower than that corresponding to the Gaussian distribution, while the opposite is correct for the PDF of η y . The wider distributions of η y as compared with those of η x were already mentioned in discussion of Fig. 7 . At all fetches, the values of λ 4x and of λ 4y decrease with wind velocity U, the distributions thus become narrower with increasing wind forcing. The values of λ 4y fall faster with U than those of λ 4x . At U = 10.5 m/s, λ 4y < 3 at all fetches; it appears that the difference in the distribution widths of η y and of η y has a tendency to vanish for large wind velocities.
D. Exceedance distributions
Exceedance of probability distributions for wave heights, crest heights, and trough depths were retrieved from the surface elevation records. The crest and trough parameters were calculated as local maxima and local minima between two consecutive positive zero crossings. The crest-to-trough heights were calculated as the difference between those local extreme values. Long wave-gauge sampling time with the total duration of about 3 h at each fetch and wind velocity, combined with relatively short characteristic wave periods in the present experiments allowed to record ensembles containing large number of individual waves (0.3-0.8 × 10 5 ), thus enabling accurate estimation of probability distributions tails.
For linear narrow-band Gaussian waves, LonguetHiggins 9 demonstrated the wave crests, troughs, and heights follow the Rayleigh exceedance distributions
where F(h) is the distribution of wave heights h and F(η c,t ) of wave crest/trough heights η c,t ; the RMS values of the surface elevation η 2 1/2 serve as a scaling parameter. Forristall 10 and Tayfun 36 suggested exceedance distributions that account for nonlinear effects. Tayfun and Fedele 37 extended this work to account for the 3rd order effects.
The exceedance distributions for crest, troughs, and wave heights are plotted in Figs. 11(a)-11(c) for three representative cases. The corresponding Rayleigh, Forristall, 10 and the 3rd order Tayfun-Fedele 37 (TF3) distributions are also presented as a reference. Notable deviation of the exceedance distributions from the Rayleigh distribution can be observed for all experimental conditions. The Forristall 10 distribution agrees somewhat better with the experimental results, while additional improvement is attained when the 3rd order effects are accounted for in the Tayfun In the case of short gravity-capillary waves excited by a relatively weak wind at the short fetch, Fig. 11(a) , the distributions of wave crests and troughs are nearly identical. These waves do not exhibit notable vertical asymmetry and are characterized by small skewness coefficient, see Table I . In Figs. 11(b) and 11(c), the peak waves are longer and satisfy the dispersion relation for gravity waves. The vertical asymmetry in those cases is well pronounced and caused by significant nonlinear bound waves, resulting in crest heights exceeding trough depths and thus in significant skewness λ 3 .
The probability of extremely high crests, exceeding 4η 2 1/2 , is vanishingly small compared to that corresponding to the Rayleigh distribution. However, the probability of very high crests is by orders of magnitude larger than that of very deep troughs.
IV. CONCLUSIONS
Extensive application of the LSG in this study made it possible to extend significantly the study of important statistical characteristics of a random wind-wave field. Instantaneous measurements of two slope components by LSG allow to shed light on the three-dimensional structure of wind waves at a number of fetches and for a range of wind velocities. When possible, verification of the LSG-derived results by comparing them with those obtained independently by a conventional wave gauge was performed.
The frequency spectra of the temporal variation of both slope components were computed and compared with the spectra of the surface elevation. Exponential decay of the spectral power with frequency is demonstrated. The frequency spectra of η x and η y nearly collapse on a single curve at high frequencies thus suggesting that wind waves at those frequencies do not have preferred propagation direction. The difference of the spectral slope exponents between the surface elevation spectra and those calculated from the LSG data varies with the wind velocity and to a lesser extent with the fetch and reflects the gradual transition from gravity-capillary to purely capillary waves.
Application of LSG allows to extend the study of both vertical and horizontal wave asymmetry. The vertical asymmetry was quantitatively estimated based on the skewness of the Hilbert transform of the surface elevation. Alternatively, asymmetry magnitude was determined as the skewness of the downwind surface slope. Both independent methods of quantifying the wind wave vertical asymmetry yield consistent results. Additional insight into the variation of wave asymmetry with the fetch and wind velocity was gained by analyzing the probability density functions of the slope components. In particular, qualitatively different values of kurtosis of the two slope components were found for moderate wind velocities.
While the relatively small size of the experimental facility causes certain limitations on the validity of the obtained results for larger basins, there are essential advantages associated with the modest size of the test section. Short characteristic wave periods make possible to accumulate ensembles that contain order of 10 5 individual waves, thus enabling the calculation of tails of the wave trough, crest, and height probability distribution that cannot by acquired not only in nature but also in larger laboratory installations. The wave height exceedance probabilities convincingly demonstrate that the probability of extremely steep (rogue) wind waves is by orders of magnitude lower than that given by the Rayleigh distribution, as well as by more sophisticated theoretical models that account for nonlinear effects. In this sense, the present results on wind-waves in an experimental facility of modest size are qualitatively similar to those reported for wavemaker-excited nonlinear random unidirectional waves in a much larger experimental installations. This qualitative similarity between the exceedance distributions of essentially different nonlinear waves (three-dimensional in the present study as compared to unidirectional in Refs. 5 and 7) that are excited by different mechanisms (wind vs. wavemaker) suggest the general occurrence of relatively low probability of extremely steep waves as compared to the predictions by the existing theoretical models.
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